The performances of dye-sensitized solar cells (DSSCs) containing a heteroleptic 
Introduction
Since the inception of the Grätzel n-type dye-sensitized solar cell (DSSC) [1, 2] for the conversion of solar to electrical energy, there has been a phenomenal growth in the number of publications dealing with the development of dyes and optimization of DSSC components. State-of-the-art DCS photoconversion efficiencies now reach ~11-14% using ruthenium(II)-based, organic or zinc(II) porphyrin-based dyes [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Our research contributions to this field have focused on the development of dyes containing Earth-abundant metals, in particular copper [17] . In the last couple of years, photoconversion efficiencies of DSSCs sensitized with bis(diimine)copper(I) dyes have exceeded 3% [18] (relative to ~7.5% for the standard ruthenium(II) dye N719) with a record 4.66% reported by Odobel and coworkers [19] . One factor that contributes to the lower efficiencies of copper(I) dyes compared to state-of-the-art dyes is the limited energy range over which bis(diimine)copper(I) complexes absorb light compared to ruthenium dyes. This can be addressed by ligand design, broadening the spectral response and extending the typical MLCT band out towards the red end of the spectrum [19] [20] [21] [22] [23] [24] . DSSCs containing copper(I) dyes typically show lower values of the short-circuit current density (JSC) than ruthenium(II)-based dyes. Again, this can be improved with ligand design through enhancement absorption properties of the dye. A third factor that must be addressed to improve the performance of copper-based DSSCs is ways to increase the open-circuit voltage (VOC) and this is best approached through tuning of the electrolyte.
One of the most commonly used redox couples in liquid electrolytes in DSSCs is I3 − /I − , and the composition of the electrolyte has been optimized for DSSCs containing ruthenium(II)-based dyes [25, 26] . The essential components of the electrolyte are LiI and I2 in a solvent such as acetonitrile, 3-methoxypropionitrile, valeronitrile or benzonitrile and an ionic liquid such as 1-butyl-3-methylimidazolium iodide (BMII). Typically, additives are present [27, 28] to improve performance by tuning the TiO2 conduction band energy and reducing recombination (i.e. back reaction between electrons and oxidized dye). Typical additives include 4-tert-butylpyridine (TBP) and guanidinium thiocyanate (GNCS).
TBP is known to increase VOC. Boschloo and Hagfeldt [29] have reported that TBP changes the surface charge of TiO2 by decreasing the number of protons and Li + ions on the surface, thus shifting the band edge of TiO2 to more negative potentials. TBP also leads to an increase in electron lifetime in the semiconductor [29] . The benefits of GNCS remain debatable [30] . Zhang et al. [31] have reported that addition of GNCS to the electrolyte leads to enhanced electron injection. Kopidakis et al. [32] have shown that the presence of GNCS in the electrolyte slows the rate of electron recombination, but at the same time shifts the band edge to more positive potential.
Since a reduction in recombination increases VOC, whereas a band edge shift to more positive potential lowers VOC, these effects oppose each other. Proposals that guanidinium ions passivate recombination sites [31, 32] , were prepared as previously described [36, 37] . BMII, DMII, DMPI (1,2-dimethyl-3-propylimidazolium iodide), MBI (1-methylbenzimidazole), GNCS, NBB (n-butylbenzimidazole), TBP and VN were purchased from Sigma-Aldrich or Alfa Aesar and used as received.
DSSC fabrication
The FTO/TiO2 working electrodes and the FTO/Pt counter electrodes were J-V measurements were performed using a SolarSim 150 (Solaronix) sun simulator, which was calibrated with a Si-reference cell to 1000 Wm -2 prior to the measurements. All cells were completely masked [38, 39] . Voltage decay was measured on a Modulab XM electrochemical system.
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Results and discussion
Initial electrolyte screening
Initial screening of I − /I3 − electrolytes having different compositions was carried out using the dye [Cu(1)(2)] + (Scheme 1) which was assembled on the electrode surface using our 'surface-as-ligands' approach [17, 40] . Each FTO/TiO2 electrode was soaked in a solution of the anchoring ligand 1 and, after drying, in a solution of the homoleptic dye [Cu (2) (Fig. 1 ). fill factor (ff) and η are given in Table 2 . The data are compared to the performance of a DSSC containing the ruthenium dye N719; the electrolyte for these DSSCs was E10. The final column in Table 2 gives the relative efficiencies of the coppercontaining DSSCs with respect to devices with N719 for which the efficiency is set to 100%. Fig. 2 and Table 2 reveal that the improved performance of E7 with respect to the other three electrolytes arises from significantly enhanced JSC. On the day of DSSC fabrication, the JSC for the DSSC with electrolyte E7 is 7.85 mA cm -2 compared to 4.30 mA cm -2 for E10 (our 'standard electrolyte') on the same day. Fig. 2 
Optimization of the electrolyte E7
Based on the performance of DSSCs containing electrolyte E7 ( Table 2 , Fig. 1 and 2) , the four components of E7 were systematically varied to determine the optimal composition for combination with the dye [Cu(1)(2)] + in DSSCs. and 56% for duplicate cells, and no further gain in JSC is observed (Fig. 3 ).
Trends in DSSC photoconversion efficiencies as a function of both [I2] and
[BMII] are shown in Fig. 4 , and the DSSC parameters are summarized in Tables 4   and S1 Tables 4 and S1 for all data. Interestingly, the highest VOC values (579 and 593 mV, Table S1 †) are observed when electrolyte E7e
(the highest I2 concentration tested) is combined with the dye [Cu(1)(2)] + , but these DSSCs exhibit very poor JSC (Tables 4 and S1 ) leading to photoconversion efficiencies of ca. 0.6%. This initial phase of the electrolyte optimization indicates that a low I2
concentration is beneficial and that, with this caveat, variation of the BMII concentration within the range 0.01-0.6 M has only a small impact.
Once the optimized concentrations I2 and BMII had been determined, the influence of changes in the concentrations of the additives TBP and GNCS was investigated. The best performing electrolyte from the previous experiments, electrolyte E7c, was used as a starting point. Electrolytes E7k and E7l have, respectively, a 10-fold increased concentration of GNCS with respect to E7c, and no GNCS. Electrolytes E7m and E7n comprise 10-times more TBP than E7c, and no TBP, respectively. Table 5 presents parameters for duplicate DSSCs containing electrolytes E7c and E7k-E7n, and Fig. 5 compares their performances. The data in Table 5 are compared to a reference DSSC sensitized with the standard ruthenium dye N719; the electrolyte for this cell was the standard E10 ( Table 1 ). The last column in Table 5 gives the photoconversion efficiency for each DSSC relative to N719 set to 100%.
Although the presence or absence of GNCS leads to some variation in JSC and VOC (Fig. 6) , it does not have a significant influence on the overall efficiency. DSSCs with electrolytes E7c, E7k and E7l show relative values of η in the range 29.5-33.8%
(absolute values 1.98-2.27%). As discussed earlier, GNCS is known to reduce surface electron recombination, but also shifts the band edge to more positive potential.
These two contrary effects lead to a complicated response of the DSSCs upon a change in GNCS concentration. The lower JSC values observed in the absence of GNCS in E7l (Table 5) are consistent with reduced charge injection from the dye into the semiconductor as a consequence of the higher conduction band edge of TiO2 as reported by Zhang [31] . By adding GNCS to the electrolyte solution at a concentration of 0.01M (E7l to E7c in Fig. 6 ), JSC improves, but with a simultaneous decrease in VOC. A 10-fold increase in the concentration of GNCS (E7c to E7k in Fig.   6 ) results in an increase in VOC consistent with reduced surface recombination. This was confirmed by voltage decay measurements (see below). However, the origin of the loss in current density is unclear.
Increasing the concentration of TBP leads to the expected [27, 29, 43, 44] increase in VOC (to 576 and 579 mV, Table 5 and Fig. 7 ) due to a reduced recombination rate. However, it also causes a reduction in JSC (Fig. 7) and, overall, the DSSC performance decreases ( Table 5 respectively, compared to DSSCs with E7c, show reduced recombination rates. In contrast, the recombination rate is significantly higher in the absence of either of these additives (E7l and E7n).
Conclusions
The Table 1 . (2)] + and the best performing electrolytes from the initial screening; curves were recorded on the day of sealing the DSSCs (solid curves) and after one week (dotted curves). Table 3 . 
